NF-κB, IκB, and IRAK Control Glutamate Receptor Density at the Drosophila NMJ  by Heckscher, Elizabeth S. et al.
Neuron
ArticleNF-kB, IkB, and IRAK Control Glutamate
Receptor Density at the Drosophila NMJ
Elizabeth S. Heckscher,1 Richard D. Fetter,1 Kurt W. Marek,1 Stephanie D. Albin,1 and Graeme W. Davis1,*
1Department of Biochemistry and Biophysics, Programs in Neuroscience and Cell Biology, University of California,
San Francisco, 1550 4th Street, San Francisco, CA 94158-2822, USA
*Correspondence: gdavis@biochem.ucsf.edu
DOI 10.1016/j.neuron.2007.08.005SUMMARY
NF-kB signaling has been implicated in neuro-
degenerative disease, epilepsy, and neuronal
plasticity. However, the cellular and molecular
activity of NF-kB signaling within the nervous
system remains to be clearly defined. Here, we
show that the NF-kB and IkB homologs Dorsal
and Cactus surround postsynaptic glutamate
receptor (GluR) clusters at the Drosophila NMJ.
We then show that mutations in dorsal, cactus,
and IRAK/pelle kinase specifically impair GluR
levels, assayed immunohistochemically and
electrophysiologically, without affecting NMJ
growth, the size of the postsynaptic density,
or homeostatic plasticity. Additional genetic ex-
periments support the conclusion that cactus
functions in concert with, rather than in opposi-
tion to, dorsal and pelle in this process. Finally,
we provide evidence that Dorsal and Cactus
act posttranscriptionally, outside the nucleus,
to control GluR density. Based upon our data
we speculate that Dorsal, Cactus, and Pelle
could function together, locally at the postsyn-
aptic density, to specify GluR levels.
INTRODUCTION
NF-kB is the founding member of a highly conserved
family of Rel-homology domain containing transcription
factors that have been ascribed diverse functions ranging
from immunity and host defense to apoptosis, embryonic
patterning and neural plasticity (Ghosh et al., 1998; Hacker
and Karin, 2006; Meffert and Baltimore, 2005). The NF-kB
transcription factor is embedded within a signaling cas-
cade that conveys receptor signaling at the cell surface
to NF-kB-dependent gene regulation in the cell nucleus.
At the heart of the NF-kB signaling system is a core group
of proteins that control NF-kB activity including the IkB/
Cactus family of inhibitory molecules and the IRAK/Pelle
protein kinase. The basic organization of NF-kB signaling
is conserved from fly to human (Ghosh et al., 1998). Sig-
naling is induced by ligand binding to cell surface recep-
tors such as the Toll-like receptors involved in recognitionNeurof microbes, antigen receptors (B cell and T cell recep-
tors), and cytokine receptors such as the TNF-a superfam-
ily receptors (Baker and Reddy, 1998). In general, receptor
activation initiates receptor-associated intracellular sig-
naling, including activation of IRAK/Pelle kinase, followed
by phosphorylation and subsequent degradation of IkB/
Cactus (Hacker and Karin, 2006). In the absence of signal-
ing, IkB/Cactus binds and sequesters cytoplasmic NF-kB.
In response to signaling activation, the degradation of IkB/
Cactus releases NF-kB/Dorsal into the cytoplasm allow-
ing it to translocate into the cell nucleus where it functions
as a transcriptional regulator capable of increasing or
decreasing target gene transcription.
Although NF-kB has been studied intensively in the
context of immunity, inflammation, and cancer, far less
is understood about the function of NF-kB in the nervous
system. NF-kB is highly expressed in both the vertebrate
and invertebrate central and peripheral nervous systems.
The function of NF-kB in the vertebrate central nervous
system can be divided into two categories. In the first
category, NF-kB is thought to regulate processes related
to disease and injury. For example, NF-kB has been impli-
cated in the cellular response to brain injury, seizure, and
neurodegenerative diseases such as Alzheimer’s and
Parkinson’s (Mattson and Camandola, 2001; Mattson
et al., 2000a). Additional related functions could include
the regulation of cellular anti-oxidation and neuronal apo-
ptosis (Mattson and Camandola, 2001). Second, NF-kB
has been suggested to function during neural develop-
ment and synaptic plasticity (Meffert and Baltimore, 2005;
Meffert et al., 2003;Schmidt-Ullrich et al., 1996). For exam-
ple,NF-kBknockoutmicehavebehavioral learningdeficits
(Meffert et al., 2003) and NF-kB has been suggested to
play a role in the mechanisms of long-term synaptic plas-
ticity (Albensi and Mattson; Mattson and Camandola,
2001; O’Mahony et al., 2006). NF-kB is also highly ex-
pressed at the vertebrate and invertebrate neuromuscular
junctions (Baghdiguian et al., 1999; Cantera et al., 1999a).
At the vertebrate NMJ, activation of NF-kB has been impli-
cated in mechanisms of muscle wasting associated with
disease (dystrophies and cachexia) and denervation
(Cai et al., 2004; Guttridge et al., 2000). In these studies,
enhanced NF-kB signaling has been shown to be deleteri-
ous. However, in both the central and peripheral nervous
systems, the function of endogenous NF-kB is not well
understood.on 55, 859–873, September 20, 2007 ª2007 Elsevier Inc. 859
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NF-kB, I-kB, and IRAK Control GluR DensityFigure 1. Dorsal and Cactus Surround
Postsynaptic GluR Clusters at the NMJ
(A–F) The NMJ is triple-labeled with anti-Dorsal
(A and D), anti-Synapsin (B), and anti-HRP (E).
Dorsal protein is absent from the axon prior to
the NMJ (arrow in [D–F]).
(G–I) High magnification of a synaptic bouton
colabeled with anti-Cactus (G) and anti-
GluRIIA (H). A three-dimensional reconstruc-
tion shows that Cactus surrounds GluRIIA.
The large panel in (I) is a single optical section
of the synapse. The smaller panels on top (Za)
and on left (Zb) show the Z dimension reflected
along the thin vertical and horizontal lines.To date, studies of NF-kB signaling in the nervous sys-
tem have highlighted a transcriptional function for NF-kB
signaling that is consistent with the known activity of this
signaling pathway in other systems. Core components of
the NF-kB signaling system are present both pre- and
postsynaptically and it is hypothesized that NF-kB/Dorsal
can translocate from the synapse to the neuronal nucleus
to control gene expression (Albensi and Mattson; Furu-
kawa and Mattson, 1998; Meffert and Baltimore, 2005;
Meffert et al., 2003). It has been speculated that NF-kB
could also function locally at the synapse (Meffert and
Baltimore, 2005). However, despite being an attractive
hypothesis, direct experimental evidence in favor of a local
synaptic function for NF-kB has yet to be defined.
We have performed a genetic analysis of NF-kB signal-
ing at the Drosophila NMJ and provide evidence that
NF-kB/Dorsal, IkB/Cactus and IRAK/Pelle are necessary
to control glutamate receptor density at the postsynaptic
muscle membrane. Remarkably, we failed to find evi-
dence in support of a nuclear function of NF-kB/Dorsal.
Rather, our data suggest that NF-kB/Dorsal, IkB/Cactus
and IRAK/Pelle function locally, at the postsynaptic NMJ
to specify GluR density.
RESULTS
Dorsal and Cactus Surround Postsynaptic
GluR Clusters
It was previously shown that NF-kB/Dorsal and IkB/
Cactus arepresent postsynaptically at theDrosophilaNMJ
(Cantera et al., 1999a). We have confirmed and extended
this finding. First, we demonstrate the specificity of the
Cactus and Dorsal antibodies at the NMJ (Gillespie and
Wasserman, 1994; Reach et al., 1996; see Figure S1 in
the Supplemental Data available with this article online).
Next, we show that Dorsal immunoreactivity surrounds860 Neuron 55, 859–873, September 20, 2007 ª2007 Elsevierpresynaptic markers that delineate the neuronal mem-
brane (anti-HRP) and define the presynaptic vesicle pool
(anti-synapsin) (Figures 1A–1F). In addition, Dorsal stain-
ing is absent from presynaptic axons just prior to entry
into the muscle field, indicating that Dorsal protein is
absent from the presynaptic motor axons (Figures 1D–
1F, arrow). A similar analysis demonstrates that Cactus,
like Dorsal, is localized postsynaptically and is absent
from presynaptic axons prior to muscle innervation (Fig-
ure S1, arrow, and data not shown). Interestingly, 3D con-
focal imaging of synaptic boutons at the third instar NMJ
demonstrates that Cactus immunoreactivity surrounds
postsynaptic GluR clusters within the muscle (Figures
1G–1I). Dorsal immunoreactivity shows a similar distribu-
tion and both Cactus and Dorsal colocalize with an inde-
pendent postsynaptic marker Discs-Large (Dlg) (data not
shown). Based on these data and data from previously
published reports (Cantera et al., 1999a), we conclude that
Dorsal and Cactus are concentrated within the same post-
synaptic domain surrounding the GluR clusters. This is in
contrast to the general cytoplasmic localization of these
proteins in other cell types. In addition, consistent with
another report (Cantera et al., 1999b), we find no evidence
for expression of either Dif or Relish, two additional Rel
homology domain transcription factors, at the Drosophila
NMJ (data not shown).
Dorsal Controls GluR Abundance at the NMJ
To study the function of Dorsal at the NMJ, we have taken
advantage of a series of mutations that have been previ-
ously shown to disrupt the dorsal gene during embryonic
patterning and innate immunity (Table 1). Importantly,
homozygous dorsal mutants derived from heterozygous
females have sufficient quantities of maternally supplied
Dorsal protein to allow for normal embryonic develop-
ment. This allows us to analyze the function of dorsal
mutations during larval development.Inc.
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NF-kB, I-kB, and IRAK Control GluR DensityTable 1. Molecular Characterization of dorsal, pelle, and cactus Alleles
Allele Description Molecular Lesion References
Dorsal
dlH Protein null X-ray rearrangement Roth et al., 1989
dl1 Protein null Unsequenced EMS allele Roth et al., 1989
dlPZ Unstable protein R310H, altered PKA consensus site Isoda et al., 1992
dl2 Point mutation G68Q, altered Rel-homology domain Isoda et al., 1992
dlU5 Truncated protein Q488Stop, in transactivation domain Isoda et al., 1992
Pelle
Df(3R)D605 Protein null Large deficiency Hecht and Anderson, 1993
pll25 Protein null Q93Stop in death domain Towb et al., 2001
pllRM8 Protein null Q422Stop in kinase domain Towb et al., 2001
pll078 Kinase dead G225E in kinase domain Towb et al., 2001
Cactus
cactD13 Protein null V188Stop Bergmann et al., 1996
cact255 Protein null P element in first intron Bergmann et al., 1996; Nicolas et al., 1998
cactRN Point mutation A196G, near signal-dependent domain Schupbach and Wieschaus, 1991; this study
cactHE Point mutation C315Y, altered ankyrin repeat Schupbach and Wieschaus, 1989; this studyWe first demonstrate that Dorsal is not required for syn-
aptic growth or synapse morphology. All dorsalmutations
analyzed in this study, including null mutant combinations,
survive as healthy, normally sized third-instar animals. We
quantified bouton numbers at the NMJ of muscles 6 and
7 as done previously (Eaton and Davis, 2005). Bouton
numbers are normal in a dorsal trans-heterozygous
zygotic null mutant combination (dorsal1/dorsalH) and in a
second trans-heterozygous mutant combination (dorsal2/
doralH) compared to wild-type controls (wild-type = 100 ±
7.8, n = 19; dl1/dlH = 109 ± 6.3, n = 28; dl2/dlH = 98 ± 6.7,
n = 17; data represent % wild-type bouton number on
muscles 6/7).
In the vertebrate nervous system, NF-kB signaling has
been implicated in forms of neuronal plasticity that are
typically associated with changes in the abundance of
postsynaptic GluRs (Furukawa and Mattson, 1998; Mef-
fert and Baltimore, 2005; Meffert et al., 2003; O’Mahony
et al., 2006). Therefore, we assayed GluR abundance at
the NMJ of dorsalmutant animals. To do so, we quantified
the fluorescence intensity of GluRs at the NMJ using pre-
viously published methodology (Albin and Davis, 2004).
GluRIIA levels are significantly decreased in dorsal null
mutant animals (dl1/dlH) compared to wild-type and
heterozygous controls (Figure 2). A similar decrease in
GluRIIA levels is also observed in a second strong loss-of-
function dorsal mutant, dlPZ/dlPZ (Figure 2; Table 1; Isoda
et al., 1992; Norris andManley, 1992). Next, we expressed
UAS-dorsal-RNAi specifically in muscle. Dorsal protein
levels, assayed by synaptic immunostaining, were de-
creased to 38% ± 3.4% (n = 8) of control levels demon-
strating a significant protein knockdown in muscle. In
these animals, we find a statistically significant decreaseNeurin GluRIIA levels (66% ± 4.8% of wild-type GluRIIA levels;
n = 8, p < 0.001 compared to control). These data support
the conclusion that dorsal is required in muscle for normal
GluRIIA abundance. Finally, overexpression of dorsal in
muscle did not change GluRIIA levels compared to wild-
type indicating that increased Dorsal protein levels are
not sufficient to enhance GluRIIA abundance beyond that
observed in wild-type (Figure 2D). In all experiments, the
level of a control antigen, anti-HRP, did not consistently
differ between genotypes (Figure 2E). Additionally, we find
a small but statistically significant change in Dlg levels
(wild-type = 100 ± 0.9, n = 19; dl1/dlH = 93+/ 0.9, n = 18,
p < 0.05, data represent % wild-type synaptic anti-DLG
fluorescence). The change in synaptic Dlg is far less than
that observed in other mutations that control postsynaptic
morphology, suggesting that Dorsal is primarily required
for normal GluR abundance (Albin and Davis, 2004).
Next, we took advantage of existingmutations to exam-
ine the domain requirements of Dorsal/NF-kB for the regu-
lation of GluR abundance. All NF-kB family members con-
tain a highly conserved Rel-homology domain (RHD). The
RHD of Dorsal mediates signal-dependent phosphoryla-
tion, homodimerization, DNA binding, nuclear localization,
as well as interaction with other NF-kB signaling proteins
such as Cactus and Pelle (Ghosh et al., 1998; Govind,
1999; Isoda et al., 1992). The dorsal2 allele (dl2) harbors
a point mutation that specifically disrupts the RHD (Fig-
ure 3E; Table 1). Mutant Dorsal protein in the dl2 back-
ground remains concentrated at the NMJ (Figure 3F).
Quantification of GluRIIA fluorescent intensity demon-
strates that GluRIIA levels are strongly reduced in the dl2
mutant (Figures 2B and 2D; p < 0.001 compared to WT).
Surprisingly, we also observe a significant decrease inon 55, 859–873, September 20, 2007 ª2007 Elsevier Inc. 861
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NF-kB, I-kB, and IRAK Control GluR DensityFigure 2. Decreased GluRIIA Abundance in dorsal Mutants
(A–C) Pseudocolor images of GluRIIA staining in wild-type, dl2/dl2, and dl1/dlH (bar at left indicates color scale).
(D) Quantification of GluRIIA staining at the NMJ shows that GluRIIA is reduced in all dorsal alleles. Values represent % of average wild-type synaptic
anti-GluRIIA fluorescence levels. Values for each genotype are as follows: wild-type = 102 ± 2.0, n = 170; dl2/dl2 41 ± 2.8, n = 22; dl2/dlH = 56 ± 2.4,
n = 22; dlPZ/dlPZ = 76 ± 6.2, n = 10; dl1/dlH = 77 ± 3.4, n = 40; dl2/+ = 70 ± 6.7, n = 10; dlPZ/+ = 93 ± 4.2, n = 18; dlH/+ = 91 ± 6.2, n = 12; dlUY2278/+; MHC-
Gal4/+ = 103 ± 3.1, n = 20.
(E) Synaptic HRP levels are not decreased in the same dorsal mutant synapses compared to wild-type, except in dl2/dl2.
(F) Synaptic GluRIIC fluorescence level in dorsal alleles is significantly reduced (wild-type = 100 ± 1.8 n = 44, dlPZ/dlPZ = 86 ± 5.5 n = 16, dl1/dlH = 86 ±
3.5 n = 21. Data represent % of average wild-type synaptic GluRIIC fluorescence levels). In all figures data are presented as the mean value (± stan-
dard error of the mean). Significance is shown according to **p < 0.01.GluRIIA levels in the dl2/+ heterozygous animal (Fig-
ure 2D). Since the heterozygous null mutations show nor-
malGluRIIA levels (dlH/+; Figure 2D), our data demonstrate
that the dl2 mutation acts in a dominant-negative manner
to impair GluR abundance. This is consistent with Dorsal
functioning as part of a protein complex that controls
GluR levels.
Dorsal also contains a transactivation domain (Fig-
ure 3E) that mediates interactions between Dorsal and
nuclear cofactors that are required for Dorsal-dependent
transcriptional regulation (Flores-Saaib et al., 2001; Isoda
et al., 1992). The dlU5 mutation truncates the transactiva-
tion domain and disrupts Dorsal-dependent transcrip-
tional regulation in the embryo (Isoda et al., 1992). First,
we demonstrate that mutant protein remains at the NMJ
in dlU5 animals (Figures 3C and 3F). However, unlike dl2
mutants, GluRIIA levels are not decreased in dlU5mutants
(indeed there is a statistically significant increase in abun-
dance compared to wild-type, p < 0.05; Figures 3A–3D
and 3G). These data are surprising since both the dl2
and dlU5 mutations cause mutant phenotypes in embry-
onic patterning consistent with disrupted Dorsal-medi-
ated transcription (Isoda et al., 1992). At a minimum, our
data demonstrate that mutation of protein domains nec-
essary for Dorsal-dependent transcription in the embryo
do not always correlate with decreased GluR abundance.
However, we cannot rule out the possibility that there are
other mechanisms of Dorsal-mediated transactivation in
the context of the larval NMJ.862 Neuron 55, 859–873, September 20, 2007 ª2007 Elsevier InMutations in dorsal Alter Synaptic Function
To determine whether the observed changes in receptor
abundance correlate with altered synaptic efficacy, we
performed an electrophysiological analysis of synaptic
function in dorsal mutants. We find a significant reduction
in the average amplitude of spontaneous miniature excit-
atory postsynaptic amplitudes (mEPSP) in the dorsal null
mutation (dl1/dl1) compared to wild-type (Figures 4A, 4B,
and 4G). Importantly, there was no change in the average
resting membrane potential or the average muscle input
resistance (Figures 4C and 4D). Similar observations were
made for a separate allele (dlPZ/dlPZ; data not shown).
Thus, the observed decrease in GluR abundance assayed
by fluorescence microscopy is correlated with decreased
GluR sensitivity assayed electrophysiologically.
At least five different subunits can contribute to the
composition of multimeric GluR complexes at the Dro-
sophila NMJ (Featherstone et al., 2005; Marrus et al.,
2004; Petersen et al., 1997; Qin et al., 2005). To investigate
whether Dorsal specifically controls the levels of the
GluRIIA subunit, we examined GluRIIA-dorsal double-
mutant animals. We find that that mEPSP amplitudes in
the GluRIIA-dorsal double-mutant animals are decreased
beyond that observed in theGluRIIAmutant alone (Figures
4A, 4B, and 4G). This observation suggests that Dorsal
may influence the abundance of GluR subunits in addition
to the GluRIIA subunit. Consistent with this possibility, we
find a statistically significant decrease in the levels of
the GluRIIC subunit in the dorsal mutant backgroundc.
Neuron
NF-kB, I-kB, and IRAK Control GluR Density(Figure 2F), though there is not a statistically significant
change in GluRIIB levels (dl1/dlH 98 ± 8.8%, n = 4; dl1,
GluRIIAsp16/dl1, GluRIIAsp16 102 ± 4.0%, n = 28; % WT
GluRIIB levels). Finally, EPSP amplitudes are normal in
both dorsal mutants and GluRIIA-dorsal double mutants
indicating that the homeostatic, retrograde modulation
of presynaptic release (Davis, 2006) is not perturbed in
dorsalmutations. In conclusion, our genetic analysis dem-
onstrates that Dorsal is required to establish or maintain
normal GluR abundance at the Drosophila NMJ.
Pelle Is Necessary for Normal GluR Abundance
and Synaptic Function
In canonical NF-kB signaling, Pelle kinase (IRAK homolog)
acts upstream of Dorsal to convey signaling from acti-
vated receptors to the Cactus/Dorsal complex (Edwards
et al., 1997; Hecht and Anderson, 1993). Therefore, muta-
tions in pelle are predicted to phenocopy the effects of the
dorsalmutants onGluR abundance.We used several pelle
Figure 3. Disruption of the Dorsal Transactivation Domain
Does Not Impair GluRIIA Abundance at the NMJ
(A–D) NMJ costained for Dorsal and GluRIIA are shown for wild-type (A
and B) and dlU5/dlU5 mutants (C and D).
(E) Schematic of the Dorsal protein showing that dl2 is a point mutation
in the Rel-homology domain (RHD), and dlU5 is a truncation of the
transactivation domain.
(F) Both dl2 and dlU5 leave Dorsal protein at the synapse (wild-type =
100 ± 2.5, n = 51; dl2/dl2 = 82 ± 2.7, n = 17; dlU5/dlU5 = 110 ± 3.5,
n = 15; values show % wild-type synaptic Dorsal fluorescence level,
**p < 0.01).
(G) Disruption of the RHD causes a decrease in synaptic GluRIIA levels
(wild-type = 102 ± 2.0, n = 170, dl2/dl2 41 ± 2.8, n = 22). Disruption of
the transactivation domain results in a significant increase in GluRIIA
(dlU5/dlU5 120 ± 5.5, n = 17% wild-type synaptic GluRIIA fluorescence
level, ** p < 0.01).
Data are presented mean ± SEM.Neurmutant alleles to examine Pelle function at theNMJ includ-
ing null mutations (pll25 and pllRM8 and Df(3R)D605) and
a mutation that specifically impairs the kinase domain
(pll078) (Table 1). The mutant combinations that we exam-
ine here survive as normally sized, third-instar larvae with
normal bouton numbers (wild-type = 100 ± 7.8 and pll078/
pll078 = 100 ± 8.6, n = 19; data represent % wild-type
bouton numbers).
In pellemutant animals, we find a significant decrease in
GluRIIA fluorescence intensity demonstrating that Pelle is
Figure 4. Decreased mEPSP Amplitude Correlates with
Decreased GluR Abundance
(A) There is a significant decrease in the average mEPSP amplitude in
the dl1 mutant compared to wild-type (p < 0.01). There is a significant
decrease in mEPSP amplitude in the dl1, GluRIIA double mutation
compared to GluRIIA mutant alone (p < 0.01).
(B) Cumulative frequency distributions show that the entire mEPSP
distribution is shifted toward smaller values in mutant backgrounds
that include the dl1 mutation.
(C) There is no difference in average resting membrane potential
across genotypes.
(D) There is no difference in muscle input resistance comparing wild-
type with dl1 or when comparing the dl1, GluRIIA double mutation to
GluRIIA alone.
(E) There is no difference in EPSP amplitude comparing wild-type with
dl1 or when comparing the dl1, GluRIIA double mutation to GluRIIA
alone.
(F) Quantal content is increased in dl1 compared towild-type and in dl1,
GluRIIA double mutation compared to GluRIIA alone.
(G) Representative traces showing mEPSP events in each indicated
genotype.
Data are presented mean ± SEM.on 55, 859–873, September 20, 2007 ª2007 Elsevier Inc. 863
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NF-kB, I-kB, and IRAK Control GluR DensityFigure 5. Pelle Kinase Regulates GluRIIA
Abundance at the NMJ
(A and B) Pseudocolored images reveal that
GluRIIA levels are reduced in pelle mutant
synapses compared to wild-type.
(C) Synaptic GluRIIA fluorescence intensity is
reduced in all pelle alleles examined. This
reduction can be rescued by muscle-specific
expression of a UAS-GFP-pelle transgene
(wild-type = 100 ± 2.1, n = 104; pll078/pll078 =
56 ± 3.4, n = 24; pllRM8/pllRM8 = 68 ± 4.0, n = 24;
pll25/Df(3R)D605 = 72 ± 2.6, n = 45; pll078/+ =
80 ± 4.4, n = 38; pllRM8/+ = 68 ± 2.0, n = 24;
UAS-Pelle/+; pllRM8/24B-Gal4 = 94 ± 1.6, n =
22; UAS-Pelle/+; 24B-Gal4/+ = 96 ± 1.4, n =
21). Values represent % wild-type synaptic
GluRIIA fluorescence level.
(D) HRP fluorescence intensity is unaltered at
the same pelle synapses.
(E) pll and dl null mutations are not additive
(wild-type = 100 ± 2.7, n = 42; dl1/dl1 =
83 ± 2.9, n = 38; pll25/Df(3R)D605 = 72 ± 2.6,
n = 45; dl1/dl1; pll25/Df(3R)D605 = 75 ± 3.5,
n = 20).
(F) A significant decrease in average mEPSP
amplitude in pll078/pll078 and pllRM8/+ correlates with decreased GluRIIA in these mutant backgrounds. Decreased mEPSP amplitudes are restored
to wild-type levels by muscle-specific expression of UAS-pelle-GFP (red).
(G) The decrease in mEPSP amplitude is not correlated with a decrease in muscle input resistance.
(H) There is no difference in resting membrane potential of the muscle across genotypes.
(I) Representative recordings show the rescue of mEPSP amplitudes comparing a pelle mutant (top) to the pelle mutant expressing UAS-pelle-GFP
postsynaptically (bottom, ‘‘rescue’’). Significance is shown according to *p < 0.05; **p < 0.01.
Data are presented mean ± SEM.necessary for normal GluRIIA abundance (Figures 5A–5C).
There is no change in a control antigen (anti-HRP; Fig-
ure 5D) and no change in the levels of postsynaptic Dlg
(wild-type = 100 ± 0.9, n = 19; pll078/pll078 = 94 ± 6.0, n =
24; data represent%wild-type synaptic anti-DLG fluores-
cence). Importantly, the kinase-dead mutation (pll078/
pll078) causes a decrease in GluRIIA levels that is as severe
as observed in the null mutant conditions (pllRM8/pllRM8 or
pll25/Df(3R)D605). Thus, Pelle kinase activity is required for
the regulation of GluR abundance. We also observe a sig-
nificant reduction in GluRIIA levels in the heterozygous null
(pllRM8/+) and heterozygous kinase-dead (pll078/+) animals
(Figure 5C). It has been previously shown that the kinase
activity of Pelle is sensitive to Pelle protein levels (Shen
and Manley, 1998, 2002). Thus, our data also suggest that
GluRIIA abundance is sensitive to the levels of postsynap-
tic Pelle kinase activity at the NMJ. We also demonstrate
that muscle specific expression of a UAS-GFP-Pelle
transgene restores GluRIIA fluorescence intensity to wild-
type levels in a pelle mutant, supporting the conclusion
that Pelle functions postsynaptically to specify normal
GluR abundance (Figure 5C). In this experiment, overex-
pressed Pelle-GFP is found throughout the muscle,
surrounding muscle nuclei and at the postsynaptic mem-
branes where Dorsal and Cactus reside (data not shown).
Finally, to further support a postsynaptic function for Pelle,
we expressed a UAS-pelle-RNAi transgene specifically
in muscle (24B-GAL4) and find that GluRIIA levels are
decreased to 59% ± 6.1% of wild-type levels (n = 8,864 Neuron 55, 859–873, September 20, 2007 ª2007 Elsevier Inp < 0.001). Together, our data indicate that Pelle kinase
activity is required postsynaptically to control GluRIIA
levels.
We next performed an electrophysiological analysis of
synaptic function in the pellemutant background. As in the
dorsal mutants, we find a significant decrease in mEPSP
amplitude in pelle mutants that correlates with the ob-
served decrease in GluRIIA levels (Figures 5F–5I). Again,
there is no significant change in the average muscle input
resistance or resting membrane potential that could ac-
count for this change (Figures 5G and 5H). In addition,
we demonstrate that the muscle specific expression of
UAS-pelle restores mEPSP amplitude to wild-type levels
(Figures 5F–5I). Thus, pelle mutations are similar to the
dorsal mutation with respect to GluRIIA levels and synap-
tic electrophysiology.
We next pursued genetic epistasis experiments to ex-
amine the genetic relationship of dorsal and pelle at the
NMJ. First, to formally test whether Pelle and Dorsal func-
tion in the same postsynaptic signaling cascade at the
NMJ, we examined GluRIIA levels in a pelle; dorsal dou-
ble-null-mutant animal (dl1/dl1; pll25/Df(3R)D605). In these
animals, the decrease in GluRIIA levels is no greater than
that observed in the pelle or dorsal mutants alone (Fig-
ure 5E). These genetic data indicate that pelle and dorsal
function together in the same postsynaptic signaling path-
way to control GluR abundance at the NMJ. Second, to
define the order of these two genes in this genetic path-
way we overexpressed UAS-GFP-pelle in the dorsal nullc.
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GAL4).GluRIIA levels remain significantly decreased in this
experiment compared towild-type controls (GluRIIA levels
are 69% ± 2.9% of wild-type, p < 0.01; n = 8). These data
are consistent with pelle functioning upstream of dorsal
in the control of GluRIIA levels. In addition, these data raise
the possibility that the function of Pelle at theNMJ is similar
to the function of Pelle kinase during embryonic patterning
where it triggers the dissociation of the Cactus-Dorsal
complex. If Pelle functions in a similar manner at the NMJ,
we expected to see increased Dorsal and Cactus protein
levels inpellemutant animals. However, inpellemutant an-
imals, we find that Cactus is not different from wild-type
and Dorsal levels are slightly, but statistically significantly,
reducedcompared towild-type (p <0.01; FigureS2). Thus,
although Pelle is constitutively required for normal GluRIIA
levels, Pelle is not constitutively acting to regulate the
abundance of Dorsal and Cactus at the NMJ.
Finally, as done for our analysis of the dorsal mutation,
we have tested whether disruption of pelle kinase affects
the levels of other GluR subunits at the NMJ. In the
pll078/pll078 animals we find that GluRIIC levels are not sta-
tistically different from controls (GluRIIC = 108% ± 10%
compared to wild-type control; p > 0.1, n = 11) and that
GluRIIB levels are slightly, but statistically significantly, in-
creased compared to controls (GluRIIB = 119% ± 7.5%
compared towild-type control; p < 0.05, n = 22). It has pre-
viously been shown that mutations in the essential GluR
subunits (GluRIIC, D, and E) eliminate the presence of both
GluRIIA andGluRIIB at the NMJ (Featherstone et al., 2005,
Marrus et al., 2004, Qin et al., 2005). If the primary effect of
dorsal or pelle were a change in the levels of one of the
essential GluR subunits, we might expect to see parallel
changes in GluRIIA and B. This is not what we observe,
suggesting a more complex regulation of subunit compo-
sition by NF-kB signaling at the NMJ.
Mutations in cactus Impair GluR Abundance
In canonical NF-kB signaling, IkB/Cactus binds to and se-
questers NF-kB/Dorsal protein in the cytoplasm (Edwards
et al., 1997; Isoda and Nusslein-Volhard, 1994). As such,
IkB/Cactus acts to inhibit NF-kB/Dorsal-dependent tran-
scription until IkB/Cactus is degraded in a signal-depen-
dent manner (Belvin et al., 1995; Bergmann et al., 1996;
Reach et al., 1996). Consistent withCactus acting to inhibit
Dorsal in Drosophila, mutations in cactus and dorsal result
in opposing phenotypes during both embryonic patterning
and innate immunity (Govind, 1999). Therefore, we pre-
dicted thatmutations indorsalandcactuswould also result
in opposing GluR phenotypes. Instead, we find that cactus
mutations phenocopy the dorsal and pellemutations.
We analyzed severe loss of function mutations in cactus
including cactusE10RN and cactusA2 and observe de-
creased Cactus protein and decreased GluRIIA levels at
the NMJ (data now shown). However, analysis of these
mutations is complicated because these mutants are
mid-larval lethal and have melanotic tumors associated
with an essential function of Cactus in the larval hemato-Neurpoietic cell lineage (Govind, 1996; Qiu et al., 1998). To cir-
cumvent mid-larval lethality, we analyzed two indepen-
dent, temperature sensitive cactus alleles (cactusRN and
cactusHE; Table 1; Roth et al., 1991). Both alleles cause
defects in embryonic patterning similar to, but less severe
than, cactus null mutations indicating that cactusRN and
cactusHE are loss-of-function mutations (Schupbach and
Wieschaus, 1989, 1991). When we raise cactusRN and
cactusHE mutants at a nonpermissive temperature (29C),
these animals survive as healthy, normally sized third-
instar animals. This allows us to assay the function of
Cactus at the mature, third instar NMJ.
We defined the molecular nature of the cactusRN and
cactusHE mutations by sequence analysis and immunos-
taining (Table 1). CactusRN harbors an A196G mutation
near the signal dependent domain, a region important for
signaling-dependent degradation of Cactus protein (Berg-
mann et al., 1996; Govind, 1999; Reach et al., 1996).
CactusHE harbors a C315Y mutation within the third an-
kyrin repeat of Cactus. Ankyrin repeats in Cactus mediate
protein-protein interactions including interaction between
Cactus and Dorsal (Govind, 1999). Both cactusRN and
cactusHE have a slight, though statistically significant,
decrease in levels of Cactus protein at the synapse
(cactusRN/cactusRN has 93 ± 1.1% normal Cactus protein;
cactusHE/cactusHE has 88% ± 3.7% normal Cactus pro-
tein, p < 0.01; n = 8) indicating that these mutations do
not strongly disrupt the synaptic localization of Cactus
protein.
We tested whether cactus mutations affect synaptic
growth and morphology. We quantified bouton numbers
in cactusRN/cactusRN and cactusHE/cactusHE animals and
compared these data to control animals raised under
identical conditions. We find bouton numbers in both
cactus alleles are not significantly different from wild-type
(wild-type = 100 ± 7.8, n = 19; cactRN/cactRN = 98 ± 10.2,
n = 9; cactHE/cactHE = 83 ± 8.8, n = 14; data represent %
wild-type bouton number at m6/7). In addition, using anti-
HRP to visualize synaptic boutons, we find that synapse
morphology is qualitatively normal in these cactusmutant
backgrounds (data not shown).
We analyzed GluR levels in homozygous cactusRN and
cactusHE mutant animals as well as trans-heterozygous
allelic combinations in which these alleles were placed in
trans to the cactD13 null allele. We find that GluRIIA levels
are significantly decreased in all four cactus mutant com-
binations compared to wild-type (Figures 6A–6C). The
levels of a control antigen are unchanged (anti-HRP;
Figure 6D), and there is no change in postsynaptic Dlg
(wild-type = 100 ± 0.9, n = 19; cactRN/cactD13 = 98 ± 0.98,
n = 23; cactHE/cactD13 = 99 ± 0.97, n = 24; data represent
% wild-type Dlg levels). Interestingly, the cactRN mutation
acts as a dominant mutation for decreased GluRIIA levels
(compare wild-type, cactRN/+, and cactRN/cactD13; Fig-
ure 6C). Finally, GluRIIB and GluRIIC staining are also
slightly but significantly (p < 0.05) reduced in these cactus
mutant backgrounds, indicating that multiple GluR sub-
units are affected (values for % wild-type GluRIIC levelson 55, 859–873, September 20, 2007 ª2007 Elsevier Inc. 865
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Decreased in cactus Mutants
(A and B) The intensity of anti-GluRIIA fluores-
cence is reduced in cactus mutant synapses.
(C) Quantification of the decrease in GluRIIA
levels observed in cactus mutants (wild-type =
101 ± 1.9, n = 186; cactRN/cactRN = 74 ± 6.7,
n = 18; cactRN/cactD13 = 59 ± 2.3, n = 16;
cactHE/cactHE = 60 ± 6.1, n = 16; cactHE/
cactD13 = 55 ± 4.8, n = 17; cactRN/ + = 63 ± 3.3,
n = 22; cactHE/+ = 86 ± 4.9, n = 22; cactD13/+ =
94 ± 7.0, n = 17).
(D) Synaptic HRP levels are not reduced in
cactus alleles.
(E) Average mEPSP amplitude is decreased in
cactRN compared to wild-type.
(F) EPSP amplitudes are not different compar-
ing cactRN and wild-type.
(G) Muscle input resistance is not different
comparing cactRN and wild-type.
(H) Resting muscle membrane potential is not
different comparing cactRN and wild-type.
Significance is shown according to *p < 0.05;
**p < 0.01.
Data are presented mean ± SEM.are cactRN/cactD13 = 85 ± 1.9, n = 31; cactHE/cactD13 = 89
± 1.6, n = 32; values for % wild-type GluRIIB are cactRN/
cactRN = 87 ± 5.5, n = 22 p < 0.05; cactHE/cactHE =
94 ± 6.5, n = 16).
To test whether dorsal and cactus function in the same
genetic pathway to control GluRIIA levels, we examined
a double-homozygous mutant combination of dorsal and
cactus. We find that there is a statistically significant de-
crease in GluRIIA (GluRIIA is 72% ± 2.3% of wild-type;
n = 19, p < 0.01) in this double-homozygous mutant com-
bination that is no more severe than either mutation alone.
These data confirm that cactus and dorsal function in
the same genetic pathway to control GluRIIA levels. To ex-
plore the possibility that cactus and dorsal might act to-
gether to control GluR levels (rather than Cactus acting
to oppose Dorsal signaling), we examined GluRIIA levels
in a trans-heterozygous dorsal/+ and cactus/+ null mutant
combination. Heterozygous null alleles of either cactus or
dorsal alone have normal GluRIIA levels (Figures 2D and
6C). However, in the trans-heterozygous animals, we find
a significant decrease in GluRIIA levels (cactD13/dlH = 74 ±
6.0, n = 10; data represent % wild-type synaptic GluRIIA
levels, p < 0.01). These genetic data are consistent with
dorsal and cactus functioning together in the same genetic
pathway to control GluR levels.
An electrophysiological analysis confirms that the
observed decrease in GluRIIA immunostaining correlates866 Neuron 55, 859–873, September 20, 2007 ª2007 Elsevier Inwith a decreased mEPSP amplitude in cactusRN (Fig-
ure 6E). Since there is no change in the muscle input resis-
tance or restingmembrane potential, we conclude that the
change in mEPSP amplitude is likely caused by the ob-
served decrease in GluR abundance at the NMJ (Figures
6G and 6H). Finally, we assayedwhether cactusmutations
affect evoked neurotransmission. We find that EPSP am-
plitudes are unchanged comparing cactusRN to wild-type
(p > 0.3, n = 15; Figure 6F), demonstrating that a homeo-
static increase in presynaptic release compensates for
the decreased mEPSP amplitude in the cactusRN back-
ground. Thus, neither Cactus nor Dorsal appear to be
involved in the mechanisms of synaptic homeostasis at
the NMJ.
Mutations in cactus Alter GluR Levels, Not
Postsynaptic Density (PSD) Size
During larval development, GluR abundance increases, as
well as the size of the presynaptic active zone and associ-
ated postsynaptic density (PSD). For example, GluRIIA
antibody staining intensity at the postsynaptic membrane
increases by 350% when we compare the first-instar
NMJ to the third-instar NMJ (Figures 7A and 7B). These
data are consistent with the insertion of new GluRIIA re-
ceptors into preexisting GluR clusters during synapse
maturation (Rasse et al., 2005). Second, we quantified
the diameter of the PSD using serial section EM at threec.
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(A and B) NMJ from a first-instar animal (A) and third-instar animal (B) are shown stained for GluRIIA and imaged under identical conditions. There is
a large increase in GluRIIA staining intensity per GluR cluster.
(C and D) Representative electron micrographs of a stage 17 embryonic synaptic bouton ([C]; arrows delineate an active zone and associated PSD)
and a third-instar synaptic bouton (arrows delineate an active zone and associated PSD). The area of the presynaptic terminal is shaded pale yellow to
discriminate presynaptic terminal from postsynaptic muscle membrane. Scale is 200 nm.
(E) Quantification of PSD diameter demonstrates a significant increase in PSD size during development in wild-type. There is no difference in PSD
diameter comparing wild-type and cactus third-instar NMJ.
Data are presented mean ± SEM.stages of NMJ development including nascent embryonic
NMJs (18 hr after egg laying), newly formed first-instar
NMJs (30 hr after egg laying), and third-instar NMJs
(4 days after egg laying). PSD size increases significantly
during the first 12 hr of synapse development and in-
creases dramatically by the third instar (Figures 7C–7E).
Thus, it appears that developmental mechanisms are in
place to control both GluR abundance and PSD size dur-
ing this period of rapid synaptic growth.
We next addressed whether postsynaptic Cactus con-
trols PSD size with secondary effects on GluR abundance
or whether Cactus specifically controls GluR density
within otherwise normally sized PSD. To do so, we com-
pared PSD diametersmeasured in wild-type and cactusRN
mutants. Despite an 50% decrease in GluR abundance,
there is no change in PSD size in the cactusRN mutant
(Figure 7E). We also analyzed GluR cluster size at the
light level and find no significant difference comparing
cactusRN or pelle078 to wild-type (data not shown).
Finally, we find no change in the extent of the SSR in the
cactus mutant background at the ultrastructural level
(wild-type SSR cross-sectional thickness, 429 nm ± 40.3,
n = 16; cactRN SSR, 525 nm ± 75.0, n = 12). Since GluR
abundance decreases without a change in PSD size, our
data demonstrate that cactus controls GluR density within
an otherwise normally sized PSD.
Dorsal Functions in the Cytoplasm to
Control GluR Levels
We find that mutations that render Dorsal transcriptionally
incompetent in the embryo do not always correlate with
decreased GluR levels (Figure 3). Furthermore, we do not
observe Dorsal protein in the muscle nucleus of wild-type
larvae (Figures 8C–8F). Therefore, we set out to examine
in greater detail whether or not Dorsal functions in the
muscle nucleus to control GluR density. First, we tested
whether nuclear translocation of Dorsal occurs in temper-Neuroature sensitive cactus mutations that cause decreased
synaptic GluR levels. We stained for Dorsal protein in the
cactus mutants and assayed for the loss of synaptic Dor-
sal and the accumulation of Dorsal in muscle nuclei. We
find that synaptic Dorsal protein levels are unaltered in
the cactusRN and cactusHEmutants (wild-type = 100 ± 4.6,
n = 19; cactRN/+ = 91 ± 6.5, n = 20; cactRN/cactRN = 99 ±
3.6, n = 14; cactHE/cactHE = 101 ± 4.4, n = 15; data repre-
sent % wild-type Dorsal fluorescence intensity). These
data are consistent with prior studies using other cactus
alleles (Beramendi et al., 2005). Indeed, we find no evi-
dence of Dorsal protein in the muscle nuclei, either in
wild-type or in any of the cactus mutants that we tested
(Figures 8E–8H). However, since Dorsal may be transiently
present in the nucleus, we inhibited nuclear export of
Dorsal with leptomycin B and assayed for accumulation
of nuclear Dorsal protein under conditions where leptomy-
cin B has been shown to trap other nuclear transcription
factors (Ashmore et al., 2003). In this experiment, we as-
sayed both wild-type and cactus mutant animals under
normal conditions and following high-potassium stimula-
tion (60 mM KCl, 2 mM Ca2+ in HL3 saline) of the NMJ.
Again, we found no evidence for nuclear Dorsal protein
(Figure S3 and data not shown).
Next, since it is formally possible that small amounts of
Dorsal protein in the nucleus escape our detection, we
tested whether overexpression of Dorsal could generate
increased Dorsal in muscle nuclei. We were able to gener-
ate a significant increase in synaptic and nonsynaptic
Dorsal protein but still did not see any Dorsal immunoreac-
tivity within the muscle nuclei (Figures 8C and 8D). Finally,
it remains possible that we are unable to detect small but
transcriptionally relevant changes in nuclear Dorsal pro-
tein. Therefore, we used a series of Dorsal transcriptional
reporters (Table 2) to monitor Dorsal mediated transcrip-
tion in the muscle nuclei. Because tissue specific pro-
moter activity is well established, we chose a series ofn 55, 859–873, September 20, 2007 ª2007 Elsevier Inc. 867
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GluRIIA Levels Posttranscriptionally
(A and B) The Dorsal antibody is able to recog-
nize nuclear Dorsal staining during embryo-
genesis. Stage 4 embryos, colabeled with
anti-Dorsal (A) and DAPI (B). Dorsal enters nu-
clei on the ventral side (bottom) of the embryo;
nuclear Dorsal appears white because of
co-localization with purple DAPI.
(C and D) Overexpression of Dorsal is not
sufficient for Dorsal nuclear entry at the NMJ.
Animals harboring a heat-shock-inducible
dorsal transgene (HSP70-dl) were raised at
room temperature, (heat shock, [C]) or
treatedwithmultiple heat shocks (+heat shock,
[D]). Synapses are colabeled with anti-Dorsal
(green) and DAPI (purple). Inset in (D) highlights
anti-Dorsal accumulating around, rather than
within muscle nuclei.
(E–H) Dorsal does not enter the nucleus in wild-
type (E and F) or cactusmutants (G and H). The
nucleus is indicated by a dashed line (E and G)
or highlighted by purple DAPI stain (F and H).
(I–L) NMJ were colabeled with anti-myc (I and
K) and the synaptic membrane marker, anti-
HRP (J and L) in wild-type and cactus mutant
animals. A myc-tagged GluRIIA transgene,
driven under the control of the MHC promoter,
localizes to the NMJ in wild-type (I). Less myc-
tagged GluRIIA reaches the synaptic surface in
cactRN/+ animals (K).
(M) Western analysis shows that myc-tagged
GluRIIA expression in dorsal and cactus is not
reduced in comparison to wild-type.
(N) There is a significant reduction in the
amount of anti-myc staining in the cactRN/+
and dorsal2/+ mutations (cactRN/+ = 64% ±
6.7%, n = 14; dorsal2/+ = 73% ± 4.4%, n = 34)
in comparison towild-type (wild-type = 100%±
4.4%, n = 29; **p < 0.01).
Data are presented mean ± SEM.reporters that respond to Dorsal in a variety of different
contexts (i.e., patterning and immunity) and included a re-
porter that is purely synthetic, which is composed of four
dorsal binding sites upstream of the core HSP70 pro-
moter. In addition, we analyzed a cactus enhancer trap
since Cactus is a transcriptional target of Dorsal is every
tissue examined thus far (Nicolas et al., 1998; Table 2).
Since Dorsal can both activate and repress transcription,
we assayed these reporters in a wild-type background, a
dorsal null mutant background (dl1/dlH), and in animals
overexpressing Dorsal using a heat shock activated dorsal
transgene (HSP70-dl). We did not find any evidence of
Dorsal activity in muscle nuclei using four separate Dorsal
transcriptional reporters, despite seeing robust reporter
activity in other control tissues where we observe the ex-
pected changes in reporter activity (Table 2). It should be
noted that LacZ is easily detected and frequently used as
reporter in Drosophila muscle (Roy and VijayRaghavan,
1997). Taken together, these data suggest that Dorsal
functions in the cytosol to regulate GluR levels.868 Neuron 55, 859–873, September 20, 2007 ª2007 Elsevier InPosttranscriptional Regulation of GluRIIA
Abundance by Dorsal and Cactus
The next question that we addressed was how NF-kB sig-
naling influences the density of postsynaptic GluRs. We
first performed real-time PCR to assay whether there is
a decrease in GluRIIA transcript levels in dorsal and cactus
compared towild-type. Although there was a trend toward
reduced levels of GluRIIA transcript in dorsal and cactus
mutants compared to wild-type, these differences are
not statistically significant (wild-type = 1.0 ± 0.2; dl2/dl2 =
0.8 ± 0.2; cactHE/cactHE = 0.7 ± 0.2; GluRIIAsp16/
GluRIIAsp16 = 0.0 ± 0.02). However, it remains possible
that even a small change in GluR transcription could result
in a significant change in GluR levels over a period of sev-
eral days. Therefore, we asked whether expression of a
GluRIIA cDNA, driven from a heterologous, muscle-
specific promoter, could restore normal GluR levels to
the cactus or dorsal mutant NMJ. In this experiment, we
expressed a myc-tagged GluRIIA transgene using the
myosin heavy-chain promoter (MHC:GluRIIA-myc) inc.
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Reporter Name, Reporter Description Genotype Activity in Muscle
Activity in Other
Larval Tissues
920twi/lacZ, 0.9kb of twist promoter driving lacZa Dl overexpression none trachea
wild-type none trachea
dl1/dlH none trachea
DD1, promoters of Dpt driving lacZ and Drs driving GFPb Dl overexpression none trachea
wild-type none trachea
D4/hsp70, 4 Dorsal binding sites + TATA box driving lacZc Dl overexpression none hemocytes
wild-type none hemocytes
dl1/dlH none hemocytes
cactus255, cactus enhancer trap driving lacZd cactus255/cactD13 none none
cactus255/+ none none
aPan et al., 1991.
bManfruelli et al., 1999.
c Pan and Courey, 1992.
dNicolas et al., 1998.wild-type as well as both dorsal and cactusmutations. It is
important to note thatMHC:GluRIIA-myc is able to rescue
the GluRIIA null mutation (Petersen et al., 1997). We as-
sayed levels of myc tagged receptor that reached the
muscle surface by staining with an anti-myc antibody in
unpermeablized tissue. We find that significantly less
GluRIIA-myc reaches the synaptic surface in dorsal and
cactus mutants compared to wild-type controls (Figures
8I–8M). A decrease in total GluR-myc protein levels can-
not account for the decrease in surface GluRIIA-myc
staining as shown by Western (Figure 8M). This experi-
ment was then repeated with similar results using animals
harboring two copies of the GluRIIA-myc transgene in a
homozygous cactusRN mutant (data not shown). These
data provide further evidence that GluR levels are not con-
trolled by Dorsal-dependent GluRIIA transcription. In
combination with the observations that Dorsal protein is
not detectable in themuscle nuclei (Figure 8), that a Dorsal
transactivation mutation does not affect GluRIIA regula-
tion (Figure 3), and that Dorsal reporters fail to show nu-
clear activity in muscle (Table 2), our data suggest that
Dorsal does not function in the muscle nuclei to control
GluR abundance.
DISCUSSION
NF-kB signaling has been implicated in the mechanisms
of neural plasticity, learning, epilepsy, neurodegeneration,
and the adaptive response to neuronal injury (Mattson and
Camandola, 2001; Mattson et al., 2000b; Meffert and
Baltimore, 2005). The data presented here advance our
understanding of neuronal NF-kB signaling in two ways.
First, we present multiple lines of evidence that NF-kB/
Dorsal signaling is required for the control of GluR density
at the NMJ. These data provide a synaptic function forNeurNF-kB signaling that may be directly relevant to the di-
verse activities ascribed to NF-kB in the nervous system.
Second, we provide molecular and genetic evidence that
Dorsal, Cactus, and Pelle may function posttranscription-
ally, at the postsynaptic side of the NMJ, to specify GluR
density during postembryonic development.
GluR Density Is Specified by Synaptic NF-kB
Several independent lines of experimentation suggest that
Cactus, Dorsal, and Pelle function together at the PSD to
specify GluR density. We provide evidence that Cactus
and Dorsal localize to a similar postsynaptic domain. In
addition, overexpression of a GFP-tagged Pelle protein
that is sufficient to rescue a pelle mutation, can traffic to
the PSD where Cactus and Dorsal reside. Next, we pres-
ent genetic evidence that cactus, dorsal, and pelle func-
tion together, in the samegenetic pathway, to control GluR
density. It is particularly surprising thatmutations in cactus
behave similarly to dorsal and pelle. In other systems (em-
bryonic patterning and immunity), Cactus inhibits Dorsal-
mediated transcription by binding and sequestering cyto-
plasmic Dorsal protein. As a result, in these other systems,
cactus mutations cause phenotypes that are opposite to
those observed in dorsal mutations. Here, we have used
the same cactus and dorsal mutations that previously
have been observed to generate the predicted opposing
phenotypes during embryonic patterning (Govind, 1999),
and yet we observe that cactus phenocopies the dorsal
mutations. In addition, genetic epistasis experiments indi-
cate that these genes function together to facilitate GluR
density. Thus, at the NMJ, Cactus functions in concert
with, rather than in opposition to, Dorsal.
One explanation for this observation could be that Dor-
sal does not function as a nuclear transcription factor dur-
ing the control of GluR levels. In support of this idea weon 55, 859–873, September 20, 2007 ª2007 Elsevier Inc. 869
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nucleus, (2) reporters of Dorsal-dependent transcription
fail to show activity in muscle nuclei, and (3) mutation of
the Dorsal transactivation domain, dlU5 does not impair
GluR abundance even though this same mutation has
been shown to impair transcription-dependent patterning
during embryogenesis. An alternative explanation for the
observation that dorsal and cactus have similar pheno-
types at the NMJ could be that Cactus and Dorsal act syn-
ergistically to control the transcription ofGluRs at theNMJ.
Indeed, there is evidence in other systems that IkB can
shuttle with NF-kB to the nucleus (Ghosh and Karin,
2002). A previous study shows Cactus accumulation in
Drosophila larval muscle nuclei in a dorsal mutant back-
ground (Cantera et al., 1999a). However, we have been
unable to repeat this result despite having examined
Cactus localization in five allelic combinations of dorsal.
Importantly, we are confident of the specificity of the
anti-Cactus antibody that we use because staining is elim-
inated in the cactus null mutant (Figure S1; also see Sup-
plemental Discussion for a further comparison with previ-
ously published data on cactusmutant phenotypes at the
Drosophila NMJ). Furthermore, the data from vertebrate
systems suggest that IkB should shuttle into the nucleus
with NF-kB, not in its absence (Ghosh and Karin, 2002).
Thus, we favor a model in which Dorsal and Cactus func-
tion together at the postsynaptic membrane to facilitate
GluR abundance during development.
Posttranscriptional Control of GluR
Density by NF-kB
If ourmodel is correct, thenwepredict thatNF-kBdoes not
control GluR density through transcriptional regulation.
This prediction is supported by two experimental observa-
tions. First, GluR transcript levels (assessed by QT PCR)
are not statistically different from wild-type in dorsal and
cactus mutations that cause an 50% decrease in GluR
abundance. Second, we demonstrate that overexpres-
sion of a myc-tagged GluRIIA cDNA using a heterologous,
muscle-specific promoter is not able to restore synaptic
GluRIIA levels in either the cactus or dorsal mutant back-
grounds. These data are consistent with Dorsal and Cac-
tus acting posttranscriptionally to control GluR density
at the NMJ. There are two general mechanisms by which
GluR levels couldbecontrolledposttranscriptionally: (1) al-
tered receptor delivery to the NMJ or (2) altered receptor
internalization/degradation. If receptor internalization/
degradation were enhanced in the cactus, dorsal, or pelle
mutant backgrounds, one might expect GluRIIA-myc
overexpression to overcome this change and restore nor-
mal receptor levels. In addition, we might see less myc-
tagged protein in the mutants in comparison to wild-
type. This is not what we observed. Therefore, we favor
the hypothesis that Cactus, Dorsal, and Pelle function to-
gether to promote the delivery of glutamate receptors to
the NMJ during development.
The possibility that Cactus, Dorsal, and Pelle act post-
transcriptionally to control GluR density raisesmany ques-870 Neuron 55, 859–873, September 20, 2007 ª2007 Elsevier Intions. For example, doDorsal andCactus exist as a protein
complex at the PSD? If so, is this complex regulated and
how might such a complex influence GluR density? Since
pelle kinase-deadmutants impair GluR density, it is possi-
ble that Dorsal and Cactus recruit Pelle to the PSD. If so,
what are the targets of Pelle kinase that are relevant to es-
tablishing or maintaining the proper density of glutamate
receptors at the PSD? Finally, the demonstration that cy-
toplasmic NF-kB/Dorsal can influence GluR density does
not rule out the possibility that NF-kB/Dorsal may also
translocate to the muscle nucleus at the Drosophila NMJ
under certain stimulus conditions. Indeed, in both the ver-
tebrate central and peripheral nervous systems NF-kB is
found within neuronal and muscle nuclei, and nuclear
translocation can be stimulated by neuronal activity, glu-
tamate, injury, and disease (Mattson and Camandola,
2001). For nuclear entry of Dorsal, two events must occur:
(1) Cactusmust be degraded and (2) Dorsal must be phos-
phorylated (Govind, 1999; Nicolas et al., 1998). It remains
possible that one or both of these criteria are not met dur-
ing the normal development of the Drosophila NMJ but
could be met under as-yet-to-be-identified stimulus con-
ditions. The possibility that NF-kB acts both locally at
the synapse and globally via the nucleus is not unique to
this signaling pathway. A similar organization has been
documented for wingless/wnt signaling where noncanon-
ical cytoplasmic signaling can impact cytoskeletal organi-
zationwhile canonical signaling involves the nuclear trans-
location of downstream beta-catenin and TCF-dependent
gene transcription (Moon et al., 2002).
Intercellular Signaling, NF-kB Activation,
and the Control of GluR Density
It remains unknown how NF-kB signaling is activated at
the Drosophila NMJ. In Drosophila embryonic patterning
and innate immunity, NF-kB signaling is initiated through
activation of Toll or Toll-like receptors. There are nine
Toll and Toll-like receptors encoded in the Drosophila ge-
nome. However, none of these receptors appear to be
present in Drosophila larval muscle. The Toll receptor is
expressed in a subset of embryonic muscle fibers (Halfon
et al., 1995; Halfon and Keshishian, 1998), but is absent
from larval muscle (Nose et al., 1992). None of the Toll-
like receptors are expressed in Drosophila embryonic
muscle (Kambris et al., 2002) and none appear to be ex-
pressed in larval muscle (data not shown). An alternative
possibility is that TNF-a receptors activate NF-kB in Dro-
sophilamuscle as has been observed in vertebrate skele-
tal muscle (Ladner et al., 2003). Indeed, a TNF-a receptor
homolog has been identified, and it is expressed in Dro-
sophila skeletal muscle (Kauppila et al., 2003). The possi-
bility that TNF-a signaling is mediated via NF-kB is intrigu-
ing given the recent demonstration that TNF-a regulates
GluR abundance in the vertebrate central nervous system
(Stellwagen and Malenka, 2006). In both cultured neurons
and hippocampal slices glial-derived TNF-a signaling is
required for the increase in postsynaptic AMPA receptor
abundance observed following chronic activity blockadec.
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NF-kB, I-kB, and IRAK Control GluR Density(Stellwagen and Malenka, 2006). Thus, our data in combi-
nation with work in the vertebrate CNS raise the possibility
that a conserved TNFa/NF-kB signaling system controls
GluR abundance at both neuromuscular and central syn-




Drosophila mutant stocks were obtained from the following sources:
Df(3R)D605, dl1 and dlUY2278 from the Bloomington Stock Center
(Bloomington, IN); pllRM8, pll078, dlH, dl2, dlPZ, dlU5, cactD13, cact255,
cactHE, and the double mutant dl1, cactPD from theMax-Planck-Institut
(Tuebingen, Germany); pll25 from Steve Wasserman (University of Cal-
ifornia, San Diego); HSP70-dl and cactRN from Ruth Steward (Rutgers
University, NJ); D4 and920twi/lacZ from Albert Courey (University of
California, Los Angeles); DD1 fromMarika Olcot (Oregon State Univer-
sity); dlgM52 from Vivian Budnik (University of Massachusetts Medical
School). Animals for experiments involving dl2, dlPZ, cactRN, and cactHE
were incubated at 29C, as were the wild-type controls. For the
double-mutant analysis of cactus and dorsal, the double mutant dl1,
cactusPD allelic combination was used after verification that in this
background only 11% ± 0.13% of wild-type Cactus protein remains
(n = 10). UAS-dorsal-RNAi animals were provided by Barry Dickson
(Research Institute of Molecular Pathology, Vienna, Austria). To
achieve significant knock down of Dorsal protein larvae (UAS-dorsal-
RNAi/dlH; 24B-Gal4/24B-Gal4) were raised at 30C, and control geno-
types were raised identically in parallel. The UAS-pelle-RNAi was
provided by NIG stock center, and experiments involving this line
were performed with animals reared at 30C.
Larval overexpression of dorsalwas achieved by using a heat shock
inducible dorsal transgene (HSP70-dl); vials were immersed in a 37C
water bath for one hour, three times on each day of larval development.
Muscle specific overexpression was achieved by crossing dlUY2278,
a UAS-containing P element (Nicolai et al., 2003), to muscle-specific
Gal4 drivers. UAS-GFP-Pelle was constructed by inserting the coding
sequence of pelle into the GW (N-terminal EGFP tag) Gateway vector
using TOPO TA Cloning Kit for entry into Gateway Technology (Invitro-
gen, Carlsbad, CA).
Immunohistochemistry
Unless otherwise noted wandering third-instar larva were dissected
and stained according to previously published methods (Albin and
Davis, 2004). The following antibodies were obtained from the Devel-
opmental Studies Hybridoma Bank (University of Iowa, Department
of Biological Sciences, Iowa City): anti-myc (9E 10) (Evan et al., 1985),
anti-GluRIIA (8B4D2; 1:10) (Schuster et al., 1991), and mAb-Dlg
(1:1000) (Corey Goodman, University of California, Berkeley). We ob-
tained mouse anti-Synapsin (1:10) from Erich Buchner (University of
Wu¨rzburg), rabbit anti-GluRIIC (1:2500) from Aaron DiAntonio (Wash-
ington University School of Medicine, St. Louis MO), rabbit anti-Cactus
(1:1000) and rabbit anti-Dorsal (1:500) from SteveWasserman (Univer-
sity of California, San Diego). Secondary antibodies (FITC labeled,
TRITC labeled, Cy5 labeled) anti-mouse and anti-rabbit as well as
FITC-, TRITC- and Cy5-conjugated anti-HRP antibodies were pro-
vided by Jackson Immunoresearch Laboratories and used at 1:200.
For LacZ staining, larvae were fixed in 4% paraformaldehyde (Sigma,
St. Louis, MO) for 7min. 12.5 ml of 8%X-gal and 0.5ml staining solution
was incubated at 65C and then added to larvae in a 1.5 ml microfuge
tube and incubated at 37C until staining was complete. Animals were
washed in PBT and cleared in glycerol for further analysis and imaging.
For Leptomycin B treatment, semi-intact preparations were incubated
for 6 h at 30C in Schneider’s Drosophila Medium with or without
40 ng/ml Leptomycin B (Sigma). Animals were then processed for
staining as described above.NeurImaging
Unless otherwise noted, all images were acquired using a Zeiss 2000M
invertedmicroscope, 1003 1.4 nA lens and CoolSnap HQ cooled CCD
camera. Image capture and analysis were performed using Intelligent
Imaging Innovations (3I) software. For comparisons of fluorescent
intensities across genotypes, samples from different genotypes were
dissected and fixed identically, processed in the same vial, and im-
aged at identical exposures and light intensities. For quantification of
GluR fluorescence intensity, the synaptic region of interest was de-
fined by first imaging costained anti-HRP. GluR fluorescence intensity
was quantified bymeasuring the average GluR intensity across this re-
gion of interest in a 2D confocal projection image as done previously
(Albin and Davis, 2004).
Western Blotting
Wandering third instar larvae were ground in Laemmli Sample Buffer
(Bio-Rad) and then boiled for 5 min. Two larvae per lane were loaded
onto pre-cast 4%–15%SDS-PAGE gels (Amersham).Western blotting
was preformed using anti-myc (1:10) and anti-Tubulin (1:10,000),
followed by ECL detection (Amersham).
Electrophysiology
Recordings were preformed as described in (Albin and Davis, 2004)
using 0.5 mM calcium HL3 saline. Measurements of maximal EPSP
and input resistance were done by hand using the cursor option in
Clampfit (Molecular Devices). Measurements of spontaneous minia-
ture release events were semiautomated using MiniAnalysis software
(Synaptosoft, Decatur, GA). For each recording, 100–300 mEPSP
events were averaged to determine the average mEPSP amplitude.
Real-Time Reverse Transcription-PCR
Real-time reverse transcription-PCR assays were performed using an
iCycler (Bio-Rad) with SYBR Green fluorescence. Real-time PCR am-
plification was performed after an initial denaturation of 8 min at 95C,
followed by 50 cycles of 20 s denaturation at 95, 30 s annealing
at 60C, and 30 s extension at 72C. Fluorescent detection was
performed at the annealing stage as previously described (Albin and
Davis, 2004).
Electron Microscopy
Larvae were prepared for electron microscopy and analysis was
performed as previously described (Pielage et al., 2006).
Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/55/6/859/DC1/.
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